We study the ultrafast structural dynamics, in response to electronic excitations, in heterostructures composed of size-selected Au nanoclusters on thin-film substrates with the use of femtosecond electron diffraction. Various forms of atomic motion, such as thermal 2 vibrations, thermal expansion and lattice disordering, manifest as distinct and quantifiable reciprocal-space observables. In photo-excited, supported nanoclusters thermal equilibration proceeds through intrinsic heat flow, between their electrons and their lattice, and extrinsic heat flow between the nanoclusters and their substrate. For an in-depth understanding of this process, we have extended the two-temperature model to the case of 0D/2D heterostructures and used it to describe energy flow among the various subsystems, to quantify interfacial coupling constants, and to elucidate the role of the optical and thermal substrate properties. When lattice heating of Au nanoclusters is dominated by intrinsic heat flow, a reversible disordering of atomic positions occurs, which is absent when heat is injected as hot substrate-phonons. The present analysis indicates that hot electrons can distort the lattice of nanoclusters, even if the lattice temperature is below the equilibrium threshold for surface pre-melting. Based on simple considerations, the effect is interpreted as activation of surface diffusion due to modifications of the potential energy surface at high electronic temperatures. We discuss the implications of such a process in structural changes during surface chemical reactions.
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GRAPHICAL ABSTRACT:
The most crucial achievement of nanotechnology, in line with Feynman's original vision, 1, 2 is the precise arrangement of atoms to construct well-defined nanoscale building blocks. Today, the ability to synthesize metallic nanoclusters (NCs) of specific size and symmetry 3, 4 and to deposit them on various surfaces with controlled density, 5 offers one possibility to optimize the numerous functionalities of confined metallic systems. Recent advances in the synthesis of sizeselected NCs show that the procedure can be scaled up, in order to address realistic industrial needs. 6 From the perspective of basic science, being able to prepare size-selected metallic NCs is also very promising, since it allows detailed studies of their size-dependent optical, 7, 8 electronic, 9 structural 10 and catalytic 11 properties.
In all cases, it is valuable to know under which circumstances the appealing symmetry of size-selected NCs becomes fragile; a serious limitation that was raised already at the early stages of nanotechnology. Zero-dimensional metallic systems are known to have a strong tendency towards amorphization compared with their bulk analogs. For instance, the melting point of Au NCs decreases as the diameter becomes smaller. 12 In conditions close to equilibrium, the stability of NCs has been examined using electron microscopy techniques, for various atomic structures 13 and temperatures, 14 while the nature of their equilibrium ground state has been explored using irradiation with electrons. 15 The situation is different in conditions far from equilibrium, where different subsystems of a solid can have drastically different temperatures for a very short period. Such non-equilibrium states are the key factor in numerous functionalities of metallic nanostructures, for instance photo-catalysis, 16 light-harvesting technologies 17 or photo-induced charge-transport. 18, 19 To access the underlying interactions, energy flow and transient structural properties, it is necessary to employ time-resolved techniques that are sensitive to the structural symmetry.
Ultrafast changes of the lattice-order can be observed in a direct way using femtosecond diffraction. 20, 21 More precisely, femtosecond electron diffraction (FED) is an appropriate investigatory tool for spatially confined systems like nanostructures and ultrathin films due to the high scattering cross-section of electrons. An in-depth understanding of the experimental results requires a realistic model of out-of-equilibrium thermodynamics. Particularly for heterostructures of low-dimensional materials, it is essential to consider not only the intrinsic properties of each component but also interactions across their interface.
In the present work, FED in combination with a model of heat flow in low-dimensional heterostructures, is used to study the lattice dynamics of photo-excited, size-selected Au923±23
NCs on different substrates. Au NCs and other nanostructures have been studied with timeresolved diffraction in the past, in the melting and pre-melting regime using high incident laser fluences 22,23 as well as order-disorder dynamics of organic ligand/ nanoparticle supracrystals. 24 Clark et al. 25 have visualized surface premelting in a laser-excited Au nanocrystals composed of approximately 10 6 atoms using coherent diffraction imaging. The participation of the substrate in heat flow has been discussed in the case of Au islands and nanoparticles on graphene, 26 while in a recent work Sokolowski-Tinten et al. have studied heat flow in heterostructures of Au thin-films and insulators. 27 Other zero-dimensional systems, examined with FED, were Bi nanoparticles 28 and quantum dots of GaAs 29 and PbSe. 30 Plech et al. and
Hartland et al. observed signatures of surface melting of Au nanoparticles with optical spectroscopy.
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The experiments and modelling reported here aim to advance the field by acquiring a detailed picture of ultrafast heat flow in nanoscale heterostructures. On this basis, we demonstrate how different pathways can achieve similar maximum lattice temperatures but exhibit different timeevolution and different structural changes. We study the anharmonicity and lattice expansion of Au NCs and provide experimental evidence that lattice heating by hot electrons triggers ultrafast disordering of the Au NCs atomic lattice.
RESULTS AND DISCUSSION:
The samples under investigation consist of homogeneously dispersed, size-selected clusters composed of 923±23 gold atoms (from now on noted as Au923 for simplicity fig. 1b) . In the FED experiments depicted in figure 1c, the samples were excited by a sub-100 femtosecond laser pulse with a central wavelength of 400 nm, resulting in electronic excitation of the NCs and/or the substrate by optical absorption. The response of the lattice is observed by recording diffraction patterns with ultrashort electron bunches at different time delays relative to the initiating optical excitation. 33 The recorded diffraction patterns of Au923 consisted of Debye-Scherrer rings, due to the random orientation of the NCs and the amorphous structure of both substrates. The diffraction patterns were radially averaged and the diffraction intensity was plotted as function of scattering angle. To extract the lattice dynamics, the diffraction peaks were fitted using pseudo-Voigt peak-profiles, after subtraction of a background that corresponds to inelastic scattering and electrons scattered from the substrate. The selected function for the background contained the diffraction pattern of a bare substrate recorded at the same conditions, a Lorentzian function for the tail of the zero-order peak and finally a third-order polynomial fitted in the flat regions between the various diffraction peaks ( fig. S1 ). The result of background subtraction and fitting is shown in figure 1.d for Au923 on a-C and the corresponding diffraction pattern is shown as an inset. The extracted intensities, positions and widths of diffraction peaks for different pumpprobe delays reveal phononic excitations, lattice expansion and atomic disordering after photoexcitation ( fig. 1 .e). A femtosecond laser pulse arrives at the sample at nearly normal incidence and initiates dynamics (pump). The response of the lattice is probed using short electron bunches (probe) that arrive at selected time-delays (δτ). (d) Radial average of diffraction signal for Au923 NCs on a-C (blue circles) and fitting using pseudo-Voigt profiles (red line) after background subtraction. The inset shows the raw recorded diffraction pattern. (e) The observables of FED and the corresponding atomic motions in real space.
Heat flow dynamics in low-dimensional heterostructures: After optical excitation, the electrons thermalize within tens of femtoseconds 34 and begin to transfer heat to the lattice of Au923 through electron-phonon coupling. For full restoration of thermodynamic equilibrium there should be, in addition to electron-phonon coupling, exchange of heat between the NCs and the substrate materials, through electronic or vibrational coupling. All the above result in a time-varying energy content of the NCs lattice. The accompanying structural changes become evident as changes in the intensity, position and width of the diffraction peaks. As the lattice temperature of Au923 NCs increases, the intensities of the diffraction peaks decay and the background of inelastically scattered electrons increases due to the Debye-Waller effect.
Furthermore, the increased lattice temperature coupled with the anharmonicity of the interatomic potential leads to thermal expansion, which becomes evident as a shift of diffraction peaks to lower-scattering vector. This observable would be diminished in the case of thin films where lattice expansion is constrained in two dimensions. Finally any atomic motion that leads to a deterioration of crystallinity results in peak-broadening. Because of these effects, FED becomes sensitive to changes of lattice temperature and can be used to study the dynamics of nanoscale heat flow.
Previous FED experiments on bulk-like Au thin-films have measured a time-constant for full electron-lattice equilibration of ~4-6 ps For both substrates, the NC coverage was the same and so the different dynamics are due to the different optical and thermal properties of the substrate materials. In the case of a-C, both substrate and NCs are directly excited by the laser pulse. In contrast, Si-N remains largely unaffected since it is transparent at this wavelength. Thus, the equilibration with the substrate proceeds through heating of Au923 on a-C and cooling of Au923 on Si-N. Based on the lattice dynamics observed in bulk Au and the dependence of the slow process on the optical properties of the substrate, the fast process can be attributed to intrinsic electron-phonon interaction and the slow process to extrinsic coupling to the substrate, which can be used for quantitative studies of interfacial heat transport. 37 The relative amplitudes of the bi-exponential fitting suggest that extrinsic heating of Au923 NCs by heat flow from a-C contributes ~60% to the overall effect.
Full thermal relaxation back to the room temperature ground state occurs on the ns-µs timescale,
i.e., before the arrival of the next pump pulse, and is not investigated in this work.
To gain access into the thermodynamic properties of Au923 and to enable a quantitative analysis of the microscopic energy flow, it is useful to extract the atomic mean-squaredisplacement (MSD) from the peak decay using the Debye-Waller relationship:
This direct conversion between intensity (Ihkl) and MSD (<u 2 >) is possible because the experiments are performed in the single scattering regime. One important detail is that it is preferable to use the total intensity and not simply the height of the diffraction peaks in the analysis, since in the latter case, possible changes of the peak profile shape are mistreated as peak decay due to the Debye-Waller effect. The values for the interplanar spacing (Dhkl) in the above equation evolve with time because of the cluster expansion, as described below. With knowledge of the temperature dependence of the MSD, 39 it is now possible to extract the lattice temperature evolution as effective measure of the time-dependent energy content of the lattice.
We point out that the lattice temperature in general is an ill-defined quantity in strong nonequilibrium states after intense photo-excitation, since different phonon modes can have different electron-phonon coupling strengths leading to non-thermal phonon distributions. 40, 41 These effects can be taken into account either with the support of ab initio molecular dynamics 40, 42 or through a momentum-resolved measurement of phonon dynamics. 41, 43 Both tasks are currently unfeasible for large ensembles of randomly oriented NCs with hundreds of atoms. We therefore adopt the two-temperature approximation in the present work.
The estimated lattice temperature, plotted together with the observed relative expansion (fig.
2.d),
can be used to extract the thermal expansion-coefficient. Within the experimental noise and the accuracy of the fitting procedure, the different peaks ((111), (220) and the average of (331) and (420)) give all the same expansion coefficient ( fig. 2.d) . One of the basic assumptions of using the temperature-dependence of MSD to estimate the lattice temperature is that lattice vibrations are harmonic. For Au923, anharmonic contributions in the Debye-Waller factor do not cause significant deviations since all peaks give similar evolution of temperature and expansion.
In line with this finding, the measured thermal expansion coefficient appears to be suppressed in comparison with bulk Au. For the temperature range reached by ultrafast lattice heating the average thermal expansion coefficient of Au923 is aL=(9.1±0.3)•10 -6 K -1 on a-C and aL=(9.9±0.6)•10 -6 K -1 on Si-N . For comparison, figure 2.d also contains a linear increase with a slope of 14•10 -6 K -1 , which is the thermal expansion coefficient of bulk Au at room temperature. 44 Spatial confinement is thus reducing thermal expansion by ~30%. This trend has been observed in the past, for similar sizes of Au NCs, using EXAFS, 45 but also for other elements such as Pt nanoparticles 46 and it has been attributed to the large contribution of surface tension. This surface-induced compression of the Au nano-lattice, can be causing the increased frequencies of certain vibrational modes of NCs compared to bulk Au. 47 To confirm that surface-tension compresses Au923 NCs, we have deposited them on few-layer-graphene and recorded static diffraction patterns. By comparing the scattering vector of the (220) peak of Au (D220 = 1.4391 Å, for bulk Au) with the (110) peak of graphene (D110 = 1.2280 Å) we obtain a contraction of (0.63±0.05)% (Sup. Info. 3). The bond-length contraction, measured with EXAFS for similar sizes, 48, 49 was in the order of ~0.5-2%. The simple schematic of figure 3.a can be translated into four coupled differential equations that describe the time evolving energy contents of the four involved subsystems. These coupled differential equations can be used for a non-linear fit of the experimental lattice temperature evolution and have the form:
The variables T and C represent the temperature and the heat capacity of each subsystem. The upper indices denote the material (Au for Au923 or S for substrate) and the lower indices the subsystem (E for electrons and L for lattice). The electron-phonon coupling constants are denoted by Ge-ph and the interfacial electronic and vibrational couplings are expressed by We-e and Wp-p. Finally, the relative masses of the two materials are included in the equations through the effective thickness of the NCs-layer (LAu=1.4 nm) and the thickness of the substrate (LS).
The last terms of equations (3) and (5) express the temporal evolution of the absorbed laser pulse and are given by:
where w is the full-width half maximum duration of the laser pulse (w = 50 fs), F the absorbed fluence, L the thickness and CE the electronic heat capacity of each material. The time resolution of the experimental setup is taken into account by convoluting the temperature evolutions by a Gaussian located at .
The free parameters of the fitting are: (i) the absorbed fluences, FAu and FS, (ii) the extrinsic coupling constants We-e, Wp-p and (iii) the intrinsic electron-phonon coupling constant Ge-ph for Au923. For the electron heat capacity of Au923 we have used the electron heat capacity of bulk Au since electron confinement effects are expected to play a minor role for this number of atoms due to thermal broadening and screening. The lattice heat capacity of Au923 has been estimated by the works of Sauceda et al. 53, 54 (see also Sup. Info. 4).
In the absence of any experimental data for the electron-phonon coupling constant of a-C, its value has been selected in order to fit the reported values for the time-constant of electronlattice interactions in graphite. 55 The preparation method of the a-C thin-films ensures that C atoms have an sp 2 character and hence the heat capacity was approximated by literature values of graphite. 56 A more detailed description of intrinsic interactions in graphitic substrates could be done, for instance, by splitting the lattice heat bath in more reservoirs, to separate the socalled strongly coupled optical phonons (SCOPS) from all other modes. [57] [58] [59] To achieve a defined initial excitation, we have excited the sample from the side of a-C. Illumination from the side of the NCs results in an undefined distribution of the laser energy due to plasmonic enhancement of the light-matter interaction caused by the Au NCs. 60 The fitted curves, together with the experimental evolutions of the lattice temperature, are plotted in figure 4.a for both substrates. The maximum increase of lattice temperature is similar for both substrates (~170 K) but the heat flow mechanism is very different. From fitting of the Au923 on Si-N data we extract an electron-phonon coupling constant G The extracted electron-phonon coupling constant of Au923 is ~70% of the value of bulk Au.
Recent studies have shown that in the two-temperature approximation employed here the effect of transient non-thermal phonon distributions is understimated. [40] [41] [42] 62 It is thus possible that the difference in the coupling constants reflects a weakening of phonon-phonon interactions in spatially confined systems and not a genuine reduction of the electron-phonon coupling strength. The observed reduction of the thermal expansion coefficient indicates that, on average, anharmonicity is reduced in metallic NCs. It is then expected that phonon-phonon interactions will be suppressed and the full thermalization of the lattice will be slower compared to bulk Au.
For Au923 on a-C, both intrinsic and extrinsic heat flow contribute to lattice heating and the fitting becomes uncertain regarding G Au e-ph. We extract an electron-phonon coupling constant G Au e-ph=(1.6±0.9)•10 16 W/m 3 K. The vibrational coupling constant (Wp-p) was found to be (90±10) MW/m 2 K while, the electronic coupling was smaller by a factor of 10 and thus played a minor role. The vibrational coupling to a-C is larger by a factor of 5.6 compared with Si-N.
Besides the selection rules of interfacial phonon-phonon interactions this quantity can also be affected by the surface morphology of the thin-film substrates. Thin-films of a-C are expected to contain a variety of graphitic nanostructures and hence to have higher surface roughness and binding area. The experiment on a-C has been carried out with an incident fluence of ~5.1 mJ/cm 2 , and the experiment on Si-N with ~2.7 mJ/cm 2 . In the first case, the electrons reach a relatively small maximum temperature of ~1300 K, because the absorbing substrate depletes the incoming pulse before it will arrive on the NCs. In contrast, for Au923 on Si-N, the maximum electronic temperature is ~3300 K although the incident laser fluence has been reduced.
It has been shown ( fig. 2.c) that the increased lattice energy content after photo-excitation is accompanied by lattice expansion and that the thermal expansion coefficient is similar for both types of substrate although energy flows in very distinct ways. However, the evolution of the peak width shows a dependence on the substrate properties, meaning the exact pathway of energy flow. In the case of extrinsic lattice heating of the NCs through vibrational coupling to the laser excited-substrate (Au923 on a-C), the widths of the (111), (220), (331) and (420) peaks stay constant after photo-excitation ( fig. 5.a) . When lattice-heating is carried out solely by hot electrons (Au923 on Si-N), the same diffraction peaks broaden after photo-excitation ( fig. 5.b) .
The average width increase is fitted with a bi-exponential function shown with a black, solid line in figure 5.b. The dynamics of the broadening are fast, comparable with the evolution of the lattice temperature ( fig. 4.a) . The rise in peak width can be described with an exponential rise with a time-constant of τ1=5.8±1.5 ps. This time constant is very similar with the timeconstant of the Debye-Waller dynamics ( fig. 2.b) or equivalently the lattice temperature increase ( fig. 4.a) . The maximum increase of the fast process is (2. in inhomogeneous strain. 63 Coherent oscillations might not produce a coherent signal due to the NCs size dispersion 64 but they can give rise to an averaged peak broadening. At this size regime, the period of collective vibrations is in the order of 1 ps or lower. 8 Due to the small size of the NCs, the laser excitation will results in a homogeneous hot electron distribution within tens of femtoseconds. This is fundamentally different compared to bulk-like samples or large nanoparticles. We therefore exclude inhomogeneous electron excitation within the NCs as cause of inhomogeneous strain 65 or structural changes induced by the hot electron blast force. 28 We performed a size-strain analysis by comparing the broadening dynamics of two diffraction peaks, 66 see supplementary information. The analysis of the photo-induced changes of the peak widths suggests that approximately 90% of the effect is caused by a reduction of the diameter of the crystallite, i.e., by approximately 1.7%. This change in size corresponds to the removal of (50±20) atoms from the crystalline core, corresponding to ~14% of the surface atoms (for Au923, the surface layer contains 362 atoms, i.e., the difference with the previous magic number, Au561). The measurement with the highest fluence in figure 5.c, shows peak broadening for pump-probe delays up to 0.5 ns. The slow recovery of peak width is suggestive of slow recrystallization of a liquid-like surface layer, while collective vibrations are expected to be damped on shorter time scales due to the small size of NCs and interactions with the substrate. suggest that the effect is triggered by hot electrons.
Our observations and considerations suggest that the dynamic diffraction peak broadening contains contribution from surface disordering of the Au NCs which only occurs in the presence of hot electrons under pronounced electron-lattice non-equilibrium. This conclusion agrees with previous experiments. Taylor et al. 67 have shown that laser-irradiated Au nanorods transform into nanospheres below the melting point through diffusion of surface atoms. Clark et al. 25 have directly visualized the formation of such a liquid, surface layer on a laser-excited Au nanoparticle using coherent diffractive X-ray imaging. In this experiment, surface disordering occurred at a lower temperature than the melting point of bulk Au and recrystallization was slower than 500 ps.
The activation of surface diffusion of Au NCs in thermal equilibrium has been studied by in situ TEM measurements. 68 The range of values for the activation energy reported in that work, incorporated into the transition state theory of Eyring, 69 cannot explain the observed dynamics and the dependence of the peak broadening on the substrate material.
Our experimental findings have some similarities with the ultrafast desorption or diffusion of adsorbates on photo-excited metallic surfaces. Previous experimental [70] [71] [72] and theoretical work 73, 74 has shown that hot electrons can enhance the diffusion of adsorbed molecular species on metallic surfaces due to effective excitation of adsorbate vibrations through electronic friction. 75, 76 So far, self-diffusion of metal adatoms has not been taken into account in this context because the effects of electronic friction are considered less important as the atomic mass increases. However, it is known that the potential energy surface of Au changes at high electronic temperatures. 77, 78 The question if hot electrons have an effect also on the surface atoms of the metal itself is largely unexplored, partially because ultrafast spectroscopic techniques do not provide direct information on the structural properties and suffer from low contrast of signatures from surface atoms compared to the bulk. Our approach of studying the structural dynamics of nanostructures with large surface-to-volume ratio with FED, however, provides sufficient sensitivity to the surface crystallinity. To explain the observed disordering of metal atoms by electronic excitations, we consider the following scenario: NCs exhibit a high density of surface states near the Fermi level, for instance Shockley surface states or adsorbate-induced states. On Au nano-facets, surface states have been shown to be spatially inhomogeneous through scanning tunneling spectroscopy. 79 Laser excitation leads to a (de-)population of electrons (below) above the Fermi level. We expect that this population redistribution results in fluctuating microscopic electric fields, both in and out of the surface plane. This process will transfer energy from the electrons to vibrations of the surface atoms, in addition to conventional electron-phonon coupling. In addition, the fluctuation in surface state occupation will result in fluctuating potential energy of the surface atoms. Through these mechanisms, surface atoms accumulate vibrational excitation and eventually get removed from their equilibrium positions. Since the proposed mechanism involves electronic surface states, the exact microscopic mechanism might depend on the facet and adsorbate coverage.
In support of this hypothesis, we note that: (i) metal surfaces exhibit enhanced atomic diffusion and reconstruction when surface-atoms get polarized by a static electric field, 80, 81 (ii) spatially confined surface states are affecting the diffusion of metal adatoms on metal surfaces, 82, 83 (iii) scattering by surface imperfections is a major decay-channel for surface states, 84, 85 and (iv) strain of metal surfaces modifies the diffusion barrier. 86 The proposed scenario has analogies to the DIMET mechanism (desorption induced by multiple electronic transitions), 87 with electronic transitions occurring between bulk and surface states, surface atoms playing the role of adsorbates, and diffusion being the resulting process instead of desorption. A final remark is that strong electric fields on the NC surface can also be created by image-potential states or thermionic emission. However, these transitions have much lower probability due to their high energy.
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Hot electrons in surface chemical reactions: We expect our findings to be of relevance for a range of structural dynamics in nanostructures. For example, laser-excited Pd nanostructures, 89 Au/VO2 interfaces 90 and Au/MoS2 heterostructures 91 have been shown to exhibit structural transformations that in many cases have been attributed to hot electrons. Hot electrons, however, do not only occur after optical excitation with femtosecond laser pulses but also during surface chemical reactions. 92 Past studies have shown that the catalytic activity of Au
NCs is accompanied by changes of their morphology, 93 more precisely sintering of the NCs, which degrades the catalytic activity. Yang et al. 94 have shown that during catalytically-activated CO oxidation, the activation energy for sintering of Au NCs shows a 28-fold decrease.
It was suggested that the detachment of surface atoms takes place due to interactions with excited electrons generated by CO oxidation. These highly excited electrons reside on surface states of the NC, which, as discussed before, can lead to surface atom diffusion.
SUMMARY:
The ability to prepare 2D distributions of NCs with narrow distribution of sizes and structural allotropes, supported on various thin-films, minimizes the uncertainty of structural characterization and allows FED to track the ultrafast atomic motions after photo-excitation.
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We employed light-absorbing substrates (a-C) as well as transparent substrates (Si-N) to modify the pathway of ultrafast heat flow and for comparing the structural changes driven by hot electrons and hot phonons. Measurements on both substrates yielded a reduced thermal expansion coefficient compared to bulk Au. Static measurements of Au923 on graphene have revealed that the lattice is compressed, even at equilibrium, due to surface tension. The next observable that has been compared between the two substrates was the peak-broadening after excitation, which reflects atomic motions that reduce long-range order. This effect takes place only in the presence of hot electrons and arises from atomic disordering of the NC surfaces. We propose a mechanism leading to an enhanced excitation of surface vibrations and fluctuations of the surface potential. Our findings strongly support the general notion that hot electrons trigger surface atom diffusion in Au NCs.
The proposed mechanism of peak-broadening due to surface-diffusion requires that the potential energy surface is modified at high electronic temperatures. In this scenario, optical excitation with the laser pulse leads to multiple electronic transitions that involve surface states, each of them characterized by an inhomogeneous, polarizing, electric field. As a result the potential energy surface is fluctuating. Through this mechanism, surface atoms accumulate vibrational excitation and eventually get removed from their equilibrium positions. Excitationinduced strain may contribute by modulation of the surface atom diffusion barrier. Although the exact mechanism is still to be verified, the possibility that electronic excitations facilitate surface diffusion, can be an essential part of the morphological changes of NCs induced by surface chemical reactions or laser irradiation.
METHODS:
Size-selected synthesis: Size-selected Au nanoclusters were produced using a magnetron sputtering gas aggregation cluster source 4 with a lateral time-of-flight mass filter. 96 A mass resolution of M/ΔM= 20 was applied to give clusters with 923±23 atoms. The clusters were deposited on either copper TEM-grids coated with a thin film of a-C (20 nm thick), silicon TEM-grids with an array of Si-N windows (100 µm wide and 10 nm thick) and few-layer graphene (used as a reference-material to investigate static lattice-compression due to surfacetension). The Au923 NCs were deposited in the 'soft-landing' regime (<2 eV/atom) to prevent fragmentation and maintain the cluster structure. 5 The deposition density was 8 clusters per 100 nm 2 and all formation conditions were kept the same so as not to change the relative proportions of structural isomers. 3 To immobilize the clusters, defects were created prior to cluster deposition, by exposure of the substrate to a high energy Ar+ beam (1500 V).
After deposition, the samples on conducting substrates were examined using a 200 keV JEOL JEM 2100F STEM (scanning transmission electron microscope) with a spherical aberration corrector (CEOS). A HAADF detector with inner collection angle of 62 mrad was employed for z-contrast imaging of the samples; in this mode, the intensity is linearly proportional to the number of atoms. 97 This enabled the 3D atomic structure of the clusters to be determined 97 and for the size distribution to be calculated using the size-selected Au923 clusters as a massbalances.
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FED experiments: Time-resolved measurements have been carried out with FED operated with a repetition rate of 1 kHz. Individual electron bunches contained a few thousand electrons.
The diffractometer is characterized by a highly compact design and the transverse coherence of the electron beam is larger than the diameter of the Au NCs under investigation. 33 
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2) Extraction of time-constants
The characteristic time-scale of a photo-induced change can be quantified, approximately, through the relationship:
where ( ) is the time-evolving observable, is its value before photo-excitation, and the second term is an approximation of its change after photo-excitation. The number of photo- heterostructures (data-points), fitting using pseudo-Voigt peak-profiles (red line) and radial average of the bare graphene-substrates (black line).
4) Heat capacities for the model of energy flow
For the electronic heat capacity of Au923 we have assumed that it is similar with bulk Au.
There are several reasons to expect that at this size-regime (D~3 nm) electrons will not be significantly affected from spatial confinement. A first aspect, is that Coulomb screening will reduce surface effects. For Au the Thomas-Fermi screening length (rTF ~ 1.6 Å) is much smaller than the dimensions of Au923, and hence the fraction of electrons that is affected by the surface, will be limited. A second aspect, is that any discretization of the electronic density of states is smoothed out because of thermal broadening. If the electronic density of states close to the Fermi energy acquires gaps (due to the finite amount of atoms) of equal spacing then the critical size for major confinement effects at room temperature is EF/kBT~200 atoms.
Regarding the lattice, we extrapolate the lattice heat capacity of Au NCs at low temperatures The lattice temperature in figure S4 is calculated with the Debye-Waller effect observed for the peaks (111), (220) and the average of (331) and (420). As an additional check we have used the lattice heat capacity and Debye-Waller factor of bulk Au to fit the data of the Au923 NCs.
With this simplification the extracted electron-phonon coupling constant is again lower than 
8) Maximum electronic temperature and peak broadening
For all measurements the model of heat flow in heterostructures has been to estimate the timeevolving heat content of the electronic subsystem. Figure S7 shows the maximum peakbroadening (average peak broadening at 14-30 ps) versus the maximum electronic temperature estimated from the model. Peak broadening becomes significant when the maximum electronic temperature exceeds ~3000 K. 
9) Effect of photo-ejected electrons
Besides real space atomic motions, the diffracted electron bunches can also be affected by electrostatic deflections due to photo-ejected electrons (although their effect is expected to be small for the incident laser fluences and the diffracted electron energies used here). Even if such photo-electrons exist, they cannot explain the observed increase of the width of diffraction peaks. The reason is that the diffracted electrons have all passed through the interior of one NC and thus they should mostly be affected by the positive charge that remains after photo-ejection of electrons. Hence, the deflection should be maximum after the laser pulse gets absorbed and not several picoseconds after.
We have performed one additional measurement on a different sample of Au923 / Si-N heterostructures. Although the statistics of this measurement were lower, it is in general agreement with our results. The lattice temperature evolution has the familiar dynamics, a fast increase followed by a slow decay, and the average width is increasing after excitation ( fig. S9) .
The average width broadening for (111), (220), (331) and (420) and for pump-probe delays between 14 and 30 picoseconds is (1.7±0.9)% (maximum lattice temperature is ~390 K). This 
12) Anharmonicity of Au923 NCs
In the main article we have presented measurements of the thermal expansion coefficient for 
